Objectives: We sought to determine whether the association between cricopharyngeus muscle activity and upper esophageal sphincter pressure may change in a task-dependent fashion. We hypothesized that more automated tasks related to swallow or airway protection would yield a stronger association than would more volitional tasks related to tidal breathing or voice production. Methods: Six healthy adult subjects underwent simultaneous intramuscular electromyography of the cricopharyngeus muscle and high-resolution manometry of the upper esophageal sphincter. Correlation coefficients were calculated to characterize the association between the time-linked series. Results: Cricopharyngeus muscle activity was most strongly associated with upper esophageal sphincter pressure during swallow and effortful exhalation tasks (r = 0.77 and 0.79, respectively; P < .01). The association was also less variable during swallow and effortful exhalation. Conclusions: These findings suggest a greater coupling for the more automatic tasks, and may suggest less coupling and more flexibility for the more volitional, voice-related tasks. These findings support the important role of central patterning for respiratory-and swallow-related tasks.
Introduction
The upper esophageal sphincter (UES) is a high-pressure zone located at the junction between the hypopharynx and the upper esophagus. This high-pressure zone primarily comprises the cricopharyngeus (CP) muscle, with possible contributions from the thyropharyngeus portion of the inferior pharyngeal constrictor and the rostral esophageal musculature. At rest, the UES is closed because of CP contraction and passive pressure imposed by surrounding pharyngeal and laryngeal structures. [1] [2] [3] During a swallow, the CP muscle relaxes to allow the UES to open and the bolus to pass into the esophagus. This CP muscle quiescence and drop in UES pressure is followed by a burst in muscle activity and by pressure to levels higher than baseline and then a gradual return to resting activity and pressure. 1, [4] [5] [6] The anterosuperior movement of the hyolaryngeal complex through contraction of the suprahyoid muscles 1, 7, 8 and pressure imposed by the bolus [8] [9] [10] also serve to open the UES during swallowing. Given its anatomic location near the upper airway, at or above the thoracic inlet, the CP muscle may also serve an important non-swallow role to regulate UES closure-especially for tasks that may require increased thoracic and pharyngeal pressure to guard against air movement into the esophagus and fluid movement in the pharynx. Increased UES pressure and CP muscle electromyographic (EMG) activity have been found during inhalation and exhalation 2, 5, [11] [12] [13] and during phonation. 14, 15 The UES pressure and CP activity may also change with posture, 2, 16, 17 state of arousal, 2 and distention of the esophagus. 18, 19 Thus, the UES may play an important role in non-swallow activity.
Because the UES is defined as more than the CP muscle, different aspects of UES dynamics have been examined by a variety of means, including 1) intramuscular EMG testing to measure CP muscle activity; 2) manometry, to measure contact pressure patterns within the UES; and 3) videofluoroscopy, scintigraphy, endoscopy, magnetic resonance imaging, and ultrasonography, to visualize UES patency, pharyngeal and esophageal movements, or other events that contribute to UES opening. 1, 2, [6] [7] [8] 20, 21 Prior manometric studies used older catheters that included only 2 to 6 unidirectional sensors. Technical limitations of this type of catheter preclude a thorough analysis of the asymmetric, 1, 8, 22 highly mobile 6,10,23 UES. To overcome these limitations, the current study used high-resolution manometry (HRM) with 36 pressure sensors spaced 1 cm apart, which acquire circumferential pressure data with a resolution that can capture the rapid pressure changes that occur at the level of the UES. 10, 24 Although 4 to 6 sensors would span the entire UES, the UES is highly mobile during swallowing and could move beyond the range of the catheter. Using a catheter with 36 sensors ensures that pressure can still be measured, even when the UES moves during the swallow. It is clear that the laryngopharynx is a complex organ system involved in nearly every activity of living. The larynx has been extensively studied to elucidate the interaction of tasks that require glottic movement, such as respiration and swallowing. 25 Recent work using patternrecognition programming has suggested that identifiable pressure changes at the level of the UES may be highly valuable in classifying normal versus abnormal swallow pressure patterns. 26 The manner in which UES pressure is modulated is not fully understood, and the contributions of the CP muscle to UES pressure modulation during swallow and non-swallow tasks remain unknown.
The aim of the present study was to evaluate the association between UES pressure and CP muscle activity during swallow and non-swallow tasks. We hypothesized that UES pressure and CP activity would be positively associated for each task, and that the strength of the relationship would be task-dependent.
Materials and Methods

Equipment
The UES pressure was recorded with a solid-state highresolution manometer (ManoScan 360; Sierra Scientific Instruments, Los Angeles, California). The manometric catheter has an outer diameter of 2.75 mm and 36 circumferential pressure sensors, each spanning 2.5 mm, spaced 1 cm apart. Each sensor receives input from 12 circumferential sectors; the data are then averaged and a mean pressure is recorded as the pressure detected by that sensor. The system is calibrated to record pressure between -20 and 600 mm Hg, with a fidelity of 2 mm Hg. Data were recorded at a sampling rate of 50 Hz (ManoScan Data Acquisition; Sierra Scientific Instruments). The catheter was calibrated before use with each participant according to manufacturer specifications.
The CP-EMG signals were recorded with a 50-µm-diameter, bipolar hook-wire intramuscular electrode (MicroProbes, Gaithersburg, Maryland) and a surface ground electrode (A10058-SRT; Vermed, Bellows Falls, Vermont) placed on the forehead. The EMG signals were amplified, bandpass-filtered from 100 Hz to 6 kHz (model 15LT; Grass Technologies, Warwick, Rhode Island), and digitized at 20 kHz (LabChart version 6.1.3; ADInstruments, Colorado Springs, Colorado). 27, 28 The UES pressure and CP-EMG data were time-linked by means of a transistor-totransistor logic signal.
Participants
Our study included 6 participants (4 male), 21 to 25 years old, without a history of swallowing, respiratory, or neurologic deficits. Each participant provided informed consent, and the protocol was approved by the Institutional Review Board of the University of Wisconsin-Madison. The participants were instructed not to eat for 4 hours and not to drink for 2 hours before testing to avoid any potential confounding effect of satiety.
Procedures
Topical 2% viscous lidocaine hydrochloride was applied to the nasal passages and to the manometric catheter as a topical anesthetic and lubricant to ease passage of the catheter through the nasal cavity and pharynx. Before CP electrode insertion, 1 mL of 1% lidocaine hydrochloride with epinephrine (1:100,000) was subcutaneously injected into the neck through a 30-gauge needle. The intramuscular electrode was then inserted with a 27-gauge needle. The characteristic CP muscle pattern of quiescence during a swallow followed by a burst of activity after the swallow was consistent with accurate placement. 5 Bilateral surface EMG electrodes were placed in the submental region between the mandible and the hyoid bone, each at 1 cm from midline. Once the catheter and electrodes were inserted, the participants rested for approximately 5 minutes to adjust to the catheter and electrodes before performing the experimental tasks.
The following tasks were performed 5 times each: 1) restful tidal breathing; 2) comfortable phonation; 3) loud phonation; 4) passive exhalation from maximum lung volume; 5) forceful exhalation from maximum lung volume; and 6) swallowing. Each task was performed while the participant sat comfortably in an examination chair while looking straight ahead with the chin in a neutral position. For restful tidal breathing, the participants sat quietly without speaking or swallowing. For comfortable phonation, they took a breath and sustained "ah" at a constant, comfortable pitch and sound pressure level for 10 seconds. For loud phonation, they took a breath and sustained "ah" at a constant, comfortable pitch at 10 dB greater than comfortable loudness. Pitch was monitored by a trained singer and voice specialist (M.J.H.). The sound pressure level was monitored with a sound level meter (Quest Technologies, Oconomowoc, Wisconsin) with the microphone held 5 cm from the corner of the mouth. For passive exhalation from maximal lung volume (hereinafter referred to as passive exhalation), the participants inhaled as fully as possible, then passively exhaled at a constant pressure for 10 seconds. For forceful exhalation from maximal lung volume (hereinafter referred to as forceful exhalation), the participants inhaled as fully as possible, then exhaled as forcefully as possible for 10 seconds. Air pressure in the mouth was measured during exhalation with a pressure sensor (Fluke, Everett, Washington) coupled to a snorkel-style mouthpiece by a semi-occluded tube fitted with a 2-mm-diameter leak. Both nostrils were occluded during the exhalation tasks with a standard nose clip. For the swallow task, 5 mL of room-temperature water was delivered to the mouth via a 10-mL syringe. The participants held the bolus in the mouth until cued to swallow. Task order was randomized by task type. Only satisfactory trials were included in the analysis. Examples of unsatisfactory trials are instances in which the participant stopped the task prematurely, started the task before being cued to do so, or increased the pitch of the sustained "ah" as he or she increased loudness. One subject completed only the swallowing activity portion of the entire research protocol. Thus, 30 trials (5 for each of 6 tasks) were analyzed for each of the other 5 participants.
Data Analysis
The UES pressure and CP-EMG data were analyzed with a customized Matlab program (MathWorks, Natick, Massachusetts). The CP-EMG signals were rectified, lowpass-filtered, then resampled to 50 Hz to match the sampling rate of the HRM signals. The segment of time-series data for UES pressure and the CP muscle voltage were time-aligned for each trial.
Great care was taken to identify the HRM sensor that best represented the task-related UES pressure. The UES is a 3-dimensional structure that may move as an individual breathes, phonates, or swallows. For example, the UES may ascend up to 3 cm 6,10 during a swallow, and the UES typically descends during voice onset. The HRM sensors used in the present study are spaced 1 cm apart. Thus, 3 to 4 sensors may be positioned within the UES. As the UES rises during a swallow, the specific sensors positioned within the UES may change. Therefore, the UES manometric signal was defined by 5 sensors. The first sensor was the most caudal sensor to register tonic UES resting pressure. The remaining 4 sensors were immediately rostral from the first. During the phonation and exhalation tasks, the band of high pressure at the UES typically shifted caudally at the start of the task, likely because of a change in laryngeal posturing coupled with catheter movement related to velopharyngeal port closure. 6 In these tasks, the 5 sensors entered into the correlation were shifted to accommodate the change in UES pressure registration. Each of these 5 sensors was carefully examined for each trial. To best represent the association between CP muscle activity and UES pressure for each task, the manometric sensor with the highest correlation coefficient was selected.
For each restful tidal breathing, phonation, and expiration trial, the entire 10-second data segment was analyzed. For swallow trials, we used two different approaches. Similar to the phonation and expiration trials, the entire 10-second data segment was analyzed. In addition, we analyzed a pre-UES-nadir segment and a post-UES-nadir segment ( Figure 1) . The pre-UES-nadir segment began with the onset of submental surface EMG activity associated with the swallow and ended when the last manometric signal reached a low-pressure nadir (typically observed when the UES began to open). The post-UES-nadir segment began when the first manometric signal started to rise from the low-pressure nadir (typically observed when the UES began to close) and ended when the postswallow CP-EMG signal reached a plateau. The pre-UES-nadir and post-UES-nadir segments lasted an average of 1.69 and 2.41 seconds, respectively. Because the CP muscle is relatively quiet during the swallow, 1,2 pressure changes within the UES related to intrabolus pressure during the swallow may confound the correlations. In addition, pressure events related to the pharyngeal swallow last less than 2 seconds. 29 Therefore, the preswallow and postswallow data segments may more accurately represent the swallow-related association between the CP muscle and the UES.
To examine the association between UES pressure and CP muscle activity, we calculated a Pearson productmoment correlation coefficient for each trial. For each task, the mean correlation was calculated for each subject. These correlations served as the dependent variable used in the analysis of variance that followed. The correlation coefficient can be thought of as a random variable that may be influenced by other factors. Evaluating factors that may have an impact on the correlation coefficient can be done by analysis of variance. Thus, task differences were analyzed by repeated-measures analysis of variance with pairwise comparisons using Fisher's protected least significant difference tests. Post hoc task grouping was performed with Fisher's protected least significant difference tests. The criteria for grouping consisted of nonsignificant differences for all tasks within the same group and significant differences for all tasks in separate groups. Group differences were calculated with Student's t-test. A significance (α) level of 0.05 was used for the t-test, as well as for the analysis of variance.
Results
A sample of HRM and EMG tracings from 1 subject can be found in Figure 2 . Summary statistics for each task are displayed in Table 1 . The mean correlation coefficient for each of the 6 subjects was used to calculate the group means and standard deviations displayed in Table 2 . Moderate correlations were observed for tasks in group A (restful tidal breathing, comfortable phonation, loud phonation, and passive exhalation). Strong correlations were observed for tasks in group B (forceful exhalation and swallow tasks). There was a significant effect of task on the degree of CP-EMG and HRM UES pressure correlation [F(7,35) = 5.47; P < .001]. Correlations were significantly higher for the tasks in group B than for those in group A (P < .03). Within each task group, the differences were nonsignificant (P = .40 to .95). Coefficients of variation for tasks in each group were collapsed by subject. The mean coefficients of variation were higher for the tasks in group A than for those in group B, although the differences did not reach statistical significance (t(5) = 2.52; P = .06). Distributions of mean correlation coefficients and coefficients of variation of correlation coefficients can be found in Figures 3 and 4 , respectively. 
Discussion
This was the first study to examine the association between UES pressure and CP-EMG activity during swallow and nonswallow tasks by using modern manometric technology. This new technology, combined with novel analysis techniques, has allowed for a more precise distinction between CP muscle and UES activity across tasks than has previously been reported. Moderate positive correlations were found between UES HRM and CP-EMG results during quiet resting, sustained phonation, and passive exhalation, and strong positive correlations were found during forceful exhalation and swallowing. These results suggest that the CP muscle is active in producing UES pressure in all of the above tasks, and that it may contribute more to pressure changes during forceful exhalation and swallowing.
Differences in correlations seen between tasks may reflect different physiological mechanisms contributing to pressure changes at the UES. The swallowing task was brief, and thus may have required motor planning different from that of the other, sustained tasks. 30 The pressure profile in the UES during quiet resting, sustained phonation, and passive exhalation may have a component of passive tissue elasticity or laryngeal and pharyngeal posturing, 1, 3, 31 forces not measured in this study. The increased CP muscle activity and correlative UES pressure seen during the forceful exhalation task may be due to higher recruitment of motor units as a protective mechanism against pharyngoesophageal reflux, similar to that found during esophageal distention. 18, 19 In the case of forceful exhalation, however, the stimulus to trigger the protective mechanism would be an increase in intrathoracic pressure, as opposed to esophageal distention. In the exhalation tasks, the resistance of the semioccluded tube appeared to equalize the pressures in the thoracic, pharyngeal, and oral cavities. 32, 33 This equalization of pressure can be observed on HRM between the nasopharynx and the UES (as seen in Figure 2C , third column). Nasopharyngeal and UES contact pressures were differentiated from the air pressure artifacts by the higher pressure amplitudes registered. Nonetheless, the similar modulations of pressure suggest an interaction between the degree of air pressure resistance and the UES pressure generated. Three limitations should be noted. First, a modest-size sample consisting only of normal, young subjects was included. Although this is an important first step in investigating the relationship between muscle activity and pressure generation in a variety of tasks, it would be interesting to determine how these relationships change in disease states. Second, as with all studies using intramuscular EMG testing, there was some difficulty in placing electrodes properly in the muscle of interest. Placing electrodes in the CP muscle provides a unique challenge, in that direct visualization would require general anesthesia, as was used in earlier studies. [1] [2] [3] 11, 13, 20 This may explain, at least in part, why we observed a lower average correlation coefficient between CP muscle activity and UES pressure than did Lang et al, 2 who found a correlation of 0.87 (P < .01). This difference may be due to the difference in models (human versus dog) and thus in electrode and sensor placement methods. Future human studies would benefit from guided approaches, including ultrasound or videofluoroscopy, to more accurately place EMG electrodes in the CP muscle and manometric sensors in the UES. Third, movement of the UES was not directly measurable in this experimental setup. This limitation was corrected for in the non-swallow tasks by adjustment of the HRM sensors included in the analysis. Further studies using some visualization technique to track UES movement during swallowing would be advantageous. Improving the reliability of electrode placement for future studies combining HRM with EMG testing is desirable to ensure the validity of the EMG signal and to increase the number of subjects included in these types of studies.
The findings of this study confirm that the contributions of the CP muscle to UES pressure may be task-dependent. Although each task in our study likely includes some level of voluntary control, 34, 35 it seems reasonable to suggest that tasks of a more voluntary nature (eg, voice, passive exhalation) may be more cortically influenced, and as relatively more complex tasks, they may exhibit more variability and more independence between the UES and the striated CP muscle. Thus, it is interesting that the manometric-EMG associations were more modest-and the associations were most variable-for these more voluntary tasks. In contrast, the ingestive and protective nature of swallow and forceful exhalation-required for cough and airway protectionmay require less voluntary control or cortical influence, and thus may yield a more specific, less variable, and less complex pattern. Interestingly, the manometric-EMG associations were strongest-and the associations were least variable-for these tasks. A brief comment on the difference between the two exhalation tasks (forceful versus passive) may be helpful. Each task required subjects to demonstrate volitional control. However, the pressures generated for forceful exhalation (between 80 and 120 cm H2O) are more typical of airway protection (eg, cough), whereas the pressures generated during "passive" exhalation (between 5 and 15 cm H2O) are within the range observed during voice and speech. Our results provide an interesting example of how the UES and CP muscle may coordinate differently depending on the task requirements, and may represent an example of task-dependent tuning of central pattern generators. It could also be possible that the correlations between UES and CP muscle signals were simply dependent on the magnitude of the signals generated. Therefore, our results highlight how the complexity, force requirements, and voluntary nature of a task may influence the role of the CP muscle in regulating UES pressure. Our initial findings suggest that these are important avenues to explore in future studies.
Conclusions
These findings are of both scientific and clinical interest. From a scientific standpoint, combined HRM-EMG testing may be a valuable tool as we learn more not only about the complex pressure patterns of the pharynx, but also about how they are generated. Additionally, strong correlations with swallowing may signify that HRM alone, rather than combined HRM-EMG testing, may be adequate in future examinations of CP muscle function during the swallow. Clinically, it may be beneficial to perform a more comprehensive examination of patients with CP muscle dysfunction, a fairly common cause of dysphagia. Although evaluation of this disorder is understandably focused on dysphagia, asking patients about respiratory or phonatory difficulties appears warranted on the basis of the contributions of the CP muscle to these tasks. This is an important step amid the increase in popularity and clinical acceptability of pharyngeal HRM and its use for decision-making in cases of dysphagia.
